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Social  anxiety  disorder  represents  a debilitating  condition  that  has  large  adverse  effects  on the quality  of
social  connections,  educational  achievement  and  wellbeing.  Age-of-onset  data  suggests  that  early  adoles-
cence is  a developmentally  sensitive  juncture  for the  onset  of  social  anxiety.  In  this  review,  we  highlight
the  potential  of using  a developmental  cognitive  neuroscience  approach  to understand  (i) why there  are
normative  increases  in  social  worries  in adolescence  and (ii)  how  adolescence-associated  changes  may
‘bring out’  neuro-cognitive  risk factors  for  social  anxiety  in  a subset  of  individuals  during  this  devel-
opmental  period.  We also  speculate  on  how  changes  that  occur  in  learning  and  plasticity  may  allow  forAD
ognitive bias
eurocognitive development
MRI
dolescence
optimal  acquisition  of more  adaptive  neurocognitive  strategies  through  external  interventions.  Hence,  for
the  minority  of  individuals  who  require  external  interventions  to target  their  social  fears,  this  enhanced
ﬂexibility  could  result  in more  powerful  and  longer-lasting  therapeutic  effects.  We  will  review two  novel
interventions  that  target  information-processing  biases  and  their  neural  substrates  via cognitive  training
and  visual  feedback  of neural  activity  measured  through  functional  magnetic  resonance  imaging.
© 2015  The  Authors.  Published  by  Elsevier  Ltd. This  is an  open  access  article  under  the CC  BY-NC-ND
license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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. Introduction
Adolescence is a transitional period beginning with the onset of
is likely to be dependent on the release of pubertal hormones which
set in motion a cascade of physical developments (e.g., dimor-uberty and culminating in the assumption of a stable adult role
Lerner and Steinberg, 2004). There is considerable individual vari-
bility in both its onset and length. While the onset of adolescence
∗ Corresponding author at: Department of Experimental Psychology, University
f  Oxford, Tinbergen Building, 9 South Parks Road, OX1 3UD Oxford, UK.
el.: ++44 (0) 1865-271382.
E-mail address: simone.haller@psy.ox.ac.auk (S.P.W. Haller).
ttp://dx.doi.org/10.1016/j.dcn.2015.02.002
878-9293/© 2015 The Authors. Published by Elsevier Ltd. This is an open access article unphic secondary sexual characteristics, neural changes), the offset
is more contingent on sociocultural norms (Blakemore and Mills,
2014; Forbes and Dahl, 2010; Goddings et al., 2014; Herting et al.,
2014; Peper and Dahl, 2013; Sisk and Foster, 2004). Adolescence
is characterized by changes in psychological make-up too, particu-
larly in social-affective (the experience and regulation of emotion in
response to social cues) and social-cognitive (the reasoning about
the social world and others’ mental states) abilities. These changes
are observed in and driven by maturing neural circuits (Nelson et al.,
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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005; Haller et al., 2014) and are likely to be adaptive as adoles-
ents begin to engage with increasingly complex peer networks
Steinberg and Silverberg, 1986).
Adolescence is also a period of vulnerability for the emergence of
any psychiatric conditions. One of these is social anxiety disorder
SAD), a debilitating condition characterized by a paralyzing fear
f negative evaluation from others (Clark and Wells, 1995; Rapee
nd Spence, 2004). Since peer interactions carry important learning
xperiences for adolescents, avoidance of social exchanges, often
sed as a way to cope with social anxiety, is likely even more
mpairing and disruptive during this time (Miers et al., 2014). Social
nxiety may  be viewed as an ‘adolescent disorder’. Indeed, age-of-
nset data show that around 75% of more extreme and persistent
orms of social anxiety have their onset by mid-adolescence with a
edian age of onset of 13 years (Gregory et al., 2007; Kessler et al.,
005a,b; Wittchen et al., 1999). Although several neurobehavioral
ypotheses have been proposed to account for the general vulner-
bility to psychiatric conditions in adolescence (e.g., Sturman and
oghaddam, 2011), there is less understanding of how typical age-
ssociated changes in adolescence may  serve as vehicles for the
xpression of social anxiety risks in particular. In this article, we
onsider whether and why SAD risk factors emerge at the adoles-
ent juncture, with a focus on the underlying neuro-developmental
echanisms that enable risk factors to ﬁnd expression. We  will ﬁrst
eview changes in the functional architecture of social-affective and
cognitive brain circuits in adolescence. Next, after reviewing the
ognitive characteristics and neural correlates of adolescent SAD,
e will suggest how adolescent changes may  ‘bring out’ aspects of
AD-risk.
More recently, adolescence has also been suggested as a period
f heightened learning and ﬂexibility (Crone and Dahl, 2012). This
aises the question of whether adolescence may  be an optimal
eriod for targeting risks associated with SAD through translational
nterventions. A second set of goals of this paper is to (a) highlight
ow typical neuro-developmental changes can allow ﬂexible and
daptive long-term learning about social-emotional events and, (b)
ighlight how developmental cognitive neuroscience research can
nform the timing of psychological treatments for SAD. We  ask
hether there is greater social-affective plasticity in adolescence
nd how this might enable age-appropriate interventions to bring
tronger, longer-term beneﬁts.
. How does the importance of peers change in
dolescence?
A pronounced change in adolescence is the preoccupation with
eers and romantic interests. Compared to adults, adolescents are
ar more concerned about peer feedback and respond more nega-
ively to peer exclusion (Coleman, 1974; Kloep, 1999; O’Brien and
ierman, 1988; Reijntjes et al., 2006; Westenberg et al., 2004).
dolescents more frequently experience self-consciousness and
se social comparison as a method of self-evaluation compared to
re-adolescent children (Butler, 1998; Elkind, 1967, 1985; Elkind
nd Bowen, 1979; Harter, 2006; Pfeifer et al., 2009). There is also
n increased interest in understanding and tracking the mental
tates of peers, manifesting, for example, in increased aware-
ess of their peers’ likes and dislikes (fashion, music, gadgets or
anguage neologisms). Studies using behavioral paradigms show
 growing understanding of another’s mental state in terms of
isual perspective-taking, feelings and motivations (‘mentalizing’;
umontheil et al., 2010; Vetter et al., 2013) and more differenti-
ted pro-social behavior (Gürog˘lu et al., 2014; Burnett Heyes et al.,
ubmitted for publication; Van den Bos et al., 2012).
These broad but pervasive adolescence-associated social-
ffective and cognitive changes may  be mediated by prolongedtive Neuroscience 13 (2015) 11–20
maturation of functional (and structural) brain networks (Nelson
et al., 2005). Indeed, over the last decade, there has been a surge
in investigations of age- and/or puberty-related typical functional
brain maturation of networks underpinning social-affective and
cognitive processing (e.g., Blakemore, 2008; 2012). The networks
of regions involve limbic and temporal areas and several func-
tional sub-divisions of the pre-frontal cortex (PFC). Data suggest
that these regions likely work in concert, as interactive networks
enabling ﬂexible responding to social-emotional cues.
Studies investigating developmental changes in the neural
responses to social-affective stimuli can be divided into those
investigating automatic regulatory responses to basic social and
non-social threats and rewards, and those that probe more
controlled regulatory responses. In the ﬁrst category, complex,
region-speciﬁc linear and quadratic trajectories across adolescence
have been reported in the neural sensitivity of subcortical and
cortical regions to social but also non-social threats and rewards.
Broadly, these data suggest a peak in the neural responses of
subcortical affect- and reward-processing regions such as the
amygdalae and striatum to simple threatening or rewarding stim-
uli (e.g., monetary rewards and static, emotional faces) (e.g., Chein
et al., 2012; Ernst et al., 2005; Hare et al., 2008; Pfeifer et al.,
2011; Passarotti et al., 2009; Somerville et al., 2011; Van Leijenhorst
et al., 2010). When peak sensitivities occur is not clear: while some
researchers have documented curvilinear trends with a peak in
mid-adolescence (Hare et al., 2008; Somerville et al., 2011), others
have reported linear declines throughout adolescence with peaks
in late childhood (Gee et al., 2013). Developmental trajectories of
frontal areas in response to social-affective stimuli are equally, if
not more, complex. Using basic inhibition-based paradigms (such
as go/nogo tasks), which tap automatic regulatory responses to
emotional face displays, studies have reported increased activity
in functional portions of the PFC during response inhibition in ado-
lescents compared to older age groups. These often occur in the
presence of overall poorer behavioral performance (Dreyfuss et al.,
2014; Somerville et al., 2011). Turning to paradigms that mea-
sure participants’ automatic regulatory responses to more complex
socially provocative stimuli (e.g., tasks that simulate online social
exclusion), these have found more extensive differences occur-
ring in the insula, anterior cingulate cortex (ACC) and medial and
lateral functional subdivisions of the PFC between children, adoles-
cents and adults (e.g., Moor et al., 2010, 2012; Guyer et al., 2009;
Lau et al., 2011a,b; Masten et al., 2009; Sebastian et al., 2011).
However, inconsistencies in the directionality of these differences
across studies make drawing interpretations about developmen-
tal change difﬁcult. The second category of studies investigating
more effortful, controlled regulatory processing is more limited,
but nonetheless show similarly inconsistent linear and quadratic
trends in prefrontal activation (McRae et al., 2012; Monk et al.,
2003; Pitskel et al., 2011). The inconsistency of ﬁndings across stud-
ies may  stem from the use of different tasks tapping subtly different
processes. Alternatively, variations may  also arise from differences
in the salience and relevance of the task context (Braams et al.,
2014; Crone and Dahl, 2012).
As well as studying differences in individual regions, many
studies have also explored adolescent changes in functional
connectivity – the co-activation between different areas, either
during ‘resting state’ or during a task. Resting state functional
connectivity studies suggest that functional integration within
networks increases across adolescence (Fair et al., 2007). A ‘switch’
from positive to negative connectivity in the amygdalae-medial
prefrontal cortex (mPFC) network has also been reported across
4–22 year olds during the viewing of fearful emotional faces (Gee
et al., 2013). Speciﬁcally, for children aged (4–9 years) increased
amygdala activation was  associated with increased mPFC activity,
while from early adolescence (10–13 years) to adulthood higher
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PFC activation was associated with lower amygdala activity.
hese changes in connectivity may  reﬂect continuous maturation
f top-down modulatory ability in frontal areas from childhood to
dolescence to adulthood.
To investigate age trends in the neural substrates of social-
ognitive processes, studies have investigated functional engage-
ent of ‘social brain’ regions during perspective-taking. Early
tudies mostly compared brain activity during mental state attri-
ution in a single adolescent group (often with a wide age range)
ith an adult group (e.g., Blakemore et al., 2007; Burnett et al.,
009; Moriguchi et al., 2007; Wang et al., 2006). However, more
ecent studies have used longitudinal designs or compared multi-
le adolescent age groups to delineate more continuous changes in
etworks across age. Exemplifying this, Moor and colleagues (2011)
canned two adolescent age groups (aged 10–12 and 14–15) and
ne young adult group (19–23 years of age) during the ‘Mind in
he Eyes’ task (participants had to label emotional expressions as
isplayed in the eyes). While all age groups showed increased acti-
ation along the superior temporal sulcus during this task, only
he youngest group exhibited additional engagement of the dorsal
PFC. In a two-year follow up, participants were re-tested with the
ame paradigm, corroborating decreases in pre-frontal activation
ith age in the same individuals. However, while linear trends were
ound for some frontal regions (e.g.?, the inferior frontal gyrus),
here was also a quadratic pattern in the dorsal mPFC with a dip
n mid-adolescence (Overgaauw et al., 2014). Studies using tasks
hat simulate more complex social exchanges have found simi-
ar patterns. For example, one study by Van den Bos et al. (2011)
canned pre-pubertal youth (12–14 years), post-pubertal youth
15–17 years) and young adults (18–22) during a task that probed
airness and trust during the assignment and sharing of monetary
ewards. While only the youngest group showed additional mPFC
ctivity, the researchers found a gradual age-related increase in
ctivity of the left TPJ and the right dorsolateral PFC, which cor-
elated with increased reciprocity in exchanges. Together, these
tudies suggest that with age, relative contributions of prefrontal
nd temporal areas to mental state processing change, possibly
oward increased recruitment of temporal areas. Such ﬁndings have
een suggested to reﬂect increased automaticity of engaging in
entalizing across adolescence (e.g., Blakemore, 2008; Van den Bos
t al., 2011), perhaps through an increased reliance on social scripts.
In summary, some of the most documented adolescence-
ssociated behavioral adaptions are an increased emotional
eactivity and more sophisticated social understanding. These
re paralleled by changes in the functioning of PFC-amygdalae-
emporal circuits. Presumably these neurocognitive changes
repare the adolescent for navigation in a novel and more complex
ocial world. However these adaptive neural changes may  also have
egative ‘side effects’. Speciﬁcally, these developments may  lead to
ncreased social concerns and susceptibility to peer conformity and
nﬂuence. In the next section, we suggest that the protracted mat-
rational changes associated with social and affective functioning
xplain why adolescence is a peak period for the emergence of more
istressing social worries in some individuals. We  suggest that the
s-yet poorer emotion regulation abilities, and the evolving ability
o take another’s perspective, mean that certain neuro-cognitive
isk factors for social anxiety are more likely to cascade into socially
nxious behavior in this developmental period. However, before
onsidering this hypothesis further, we ﬁrst review the cognitive
haracteristics of adolescent SAD and their neural bases.. How does social anxiety affect information processing?
Dominant cognitive models of SAD highlight how differences in
he processing of social information in socially anxious individualstive Neuroscience 13 (2015) 11–20 13
may  serve to maintain the disorder. Speciﬁcally, cognitive biases
– maladaptive systematic distortions in information processing –
have been reported in individuals with SAD at various processing
stages including attention, interpretation and judgment or expec-
tation (Clark and Wells, 1995; Jarcho et al., 2013a,b; Muris and Field,
2008).
A handful of studies have found maladaptive allocation of atten-
tion toward threatening social cues in adolescents with SAD (Roy
et al., 2009; Stirling et al., 2006), and also in behaviorally inhibited
(BI) youths (Reeb-Sutherland et al., 2009; Perez-Edgar et al., 2010a).
BI is a temperamental factor that shows clear parallels with social
anxiety in the wariness, fear and avoidance of novel social situa-
tions, although there is contention over the degree to which BI is
an early marker for SAD. While these ﬁndings on attention biases
are promising in pinpointing cognitive underpinnings of SAD, it is
important to highlight that a small body of studies have also found
no group differences in attentional deployment (Bar-Haim et al.,
2007; Kindt et al., 2003). Biased interpretations,  that is, a tendency
to interpret ambiguous social situations as threatening, have also
been studied in adolescents with SAD. As social information is par-
ticularly ambiguous – we  constantly have to interpret and track
complex bodily, verbal and facial cues throughout interactions –
biases in interpretation may  be speciﬁcally relevant for social anx-
iety (relative to other types of anxiety symptoms). A few studies
(e.g., Miers et al., 2008; Haller et al., (submitted for publication))
have found that adolescents with increased social anxiety were
more likely to endorse negative interpretations of ambiguous situa-
tions. Interestingly, while links between biased interpretations and
social anxiety symptoms are fairly consistent in adolescence, ﬁnd-
ings in children are mixed. Some studies have documented biases
(Bögels and Zigterman, 2000; Muris et al., 2000) while others report
no biases in socially anxious children (Creswell et al., 2013; In-
Albon et al., 2009). It may  either be that current measurement tools
are less suitable to detect interpretation biases in younger popu-
lations or that interpretation biases do not mature as risk factors
for social anxiety until adolescence. Finally, biases in expectations of
performance in social-evaluative contexts also characterize socially
anxious children, teens and at-risk populations. Individuals with
SAD expect to perform worse and expect to show visible signs
of nervousness in social and performance situations (Alfano et al.,
2006; Morgan and Banerjee, 2006; Pass et al., 2012; Rheingold et al.,
2003; Spence et al., 1999). Findings as to whether socially anxious
youths actually perform worse or whether these expectations are
only existent in their own perception of their social competence are,
however, mixed (e.g., Cartwright-Hatton et al., 2003, 2005; Erath
et al., 2007; Miers et al., 2010).
These cognitive biases have been shown to manifest in differ-
ential engagement of fronto-limbic circuits during the anticipation
of, during, and post social-event processing. Interestingly, the
networks implicated in aberrant processing in SAD are those
documented to undergo prolonged functional restructuring in ado-
lescence. There are now a few studies investigating the neural
substrates of information processing in adolescents with social con-
cerns. Increased affective responses to negative social cues (e.g.,
negative faces) have been linked to increased amygdalae sensitivity
as well as differential responses in the ACC, striatum, mPFC, ventro-
lateral PFC (vlPFC) and insula in adolescents with SAD or increased
social worries (Battaglia et al., 2012; Killgore and Deborah, 2005;
McClure et al., 2007). Tasks that present more dynamic social
exchanges have replicated and extended these data (e.g., Jarcho
et al., 2013a,b). For example, studies using the ‘Chat Room Task’
(e.g., Guyer et al., 2009), which presents participants with pho-
tographs of peers that the participant either ‘accepted’ or ‘rejected’
for online interactions in a previous session, have found differ-
ential responses in both anticipation and post-event processing.
When anticipating feedback from the previously ‘rejected’ peers,
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dolescents with social concerns manifested greater amygdala
ctivity relative to non-anxious adolescents. Socially anxious par-
icipants also displayed aberrant functional connectivity between
he vlPFC and amygdalae compared to the control participants
Guyer et al., 2008; Lau et al., 2011a,b). Another study of the same
ample found that prior to receiving peer feedback, amygdala activ-
ty was heightened in both groups of adolescents. However, after
eceiving feedback, this activity declined in healthy but not in
articipants with more social concerns. FMRI studies that have
ncluded behaviorally inhibited youth ﬁnd similar fronto-limbic
erturbations as those described in youth with SAD. Notably, stud-
es with adolescents with BI have also reported increased responses
n the amygdalae to negative emotional expressions, differen-
ial striatal responses to the anticipation of monetary and social
ewards, and during conﬂict adaptation (when individuals habitu-
te to successively presented contradictory emotional information
Etkin et al., 2006; Bar-Haim et al., 2009; Guyer et al., 2014; Hardee
t al., 2013; Helﬁnstein et al., 2011; Jarcho et al., 2013a,b, 2014;
érez-edgar et al., 2007).
While these neurocognitive differences may  explain why some
ocially anxious (or behaviorally inhibited) young people develop
nd maintain impairing social concerns, questions remain over
hy these fears emerge at the adolescent juncture. In the last
ection, we speculated that adolescence-related changes in neu-
al circuits and associated information processing underscore the
alience of social situations for all teenagers. Here, we  further
uggest that for a subgroup of youngsters, these adolescence-
ssociated changes might magnify pre-existing cognitive biases
nd/or trigger the emergence of new biases. Speculatively, the
rotracted maturation of circuits involved in regulating reactiv-
ty to social-affective information might exaggerate pre-existing
ttention biases for threatening social cues. This, in turn, could
eciprocally affect trajectories of functional brain development by
iasing both the nature of incoming information and the ways
n which this information is processed and subsequently consol-
dated. Another possibility is that developments in mentalizing
nderpinned by trajectories of the ‘social brain’ may  enable the
xpression of interpretation biases. As mentalizing abilities become
ncreasingly sophisticated across adolescence, the teenager is able
o generate more ‘mental explanations’ for others’ behavior. This
ig. 1. Adolescence as a period of vulnerability for SAD. Red shaded region highlights 
dolescence-associated changes. As socio-affective networks are thought to develop ac
lasticity to socio-affective stimuli across the teenage years (relative to adults). (For inte
he  web  version of the article.)tive Neuroscience 13 (2015) 11–20
may  result in an increase in perceived complexity and ambiguity
of daily social interactions. As there are parallel increases in time
spent interacting with peers within larger social networks, these
developments in the perception of social interactions may ‘expose’
in some individuals the tendency to decode ambiguous social cues
in a negative manner. This could potentially explain why interpre-
tation biases are not consistently found in younger populations:
biases in interpretation may  only manifest once these advanced
social-cognitive capacities are attained.
In summary, maladaptive cognitive biases characterize adoles-
cents with SAD and may  contribute to the maintenance of the
disorder. A growing body of data also suggests that these biases
may  be rooted in the perturbed functioning of key fronto-limbic
circuits dedicated to the processing of emotional and social stim-
uli. While normative changes in those neural circuits may  explain
why there are heightened social concerns during adolescence, these
same changes may  also push a subset of adolescents with cognitive
vulnerabilities toward more extreme social fears and worries. By
biasing individual differences in social-affective networks further,
brain maturational changes in adolescence may, in a minority of
youth who already fall at the end of the continuous distribution,
result in a shift further toward the extreme end.
4. Are there unique learning opportunities during
adolescence?
Alongside the relatively bleak picture of a period where pre-
existing vulnerabilities ﬁnd expression, it may also be the case
that the adolescent-typical neurodevelopmental changes we have
described enhance plasticity to positive environmental experiences
(see Fig. 1). These experiences may  often center around posi-
tive peer interactions and academic achievements, but could also
include early interventions. Indeed, research on normative changes
suggests that adolescence is a period of opportunity. Recent con-
ceptual frameworks view the adolescence-associated increase in
‘emotionality’ and ‘sociality’ as facilitating learning for speciﬁc,
relevant (social-emotional) experiences. Protracted maturation of
neurocognitive abilities may  enable individuals to be more ﬂex-
ible in their behavioral responses and adapt rapidly to changing
social contextual demands (e.g., Crone and Dahl, 2012; Nelson et al.,
risk for onset or ampliﬁcation of neurocognitive risk factors through interplay of
ross adolescence with complex linear and quadratic changes we  suggest greater
rpretation of the references to color in this ﬁgure legend, the reader is referred to
 Cogni
2
i
t
(
t
m
t
s
t
s
r
n
i
r
s
f
f
r
b
r
g
m
l
g
n
e
i
m
a
l
p
2
i
t
C
d
e
d
t
o
f
t
w
l
v
i
s
ﬁ
f
n
a
a
d
d
r
s
i
m
f
w
N
f
sS.P.W. Haller et al. / Developmental
014). Following this line of thought, it has been suggested that
nterventions implemented at developmentally-sensitive junc-
ures may  yield more powerful and sustained therapeutic beneﬁts
Cohen Kadosh et al., 2013). This may  be particularly so for interven-
ions which target neurocognitive processes that are undergoing
aturational change in adolescence. Thus, the beneﬁts of early
reatment may  not simply be limited to a timely amelioration of
ymptoms to avoid long-term negative outcomes. Instead, adminis-
ering interventions early may  take advantage of developmentally
ensitive plasticity and learning. Here, we ﬁrst consider how neu-
odevelopmental changes may  enhance learning and plasticity, and
ext, which interventions may  be most appropriate.
Across adolescence, changes in brain networks may  result
n: (i) greater affective responding to (socially) threatening and
ewarding feedback and (ii) a greater engagement with, and under-
tanding of, complex interpersonal situations. These changes may
ocus learning on ‘developmentally-appropriate’ cues such as peer
eedback when seeking out new group membership. Differential
eactivity both in amygdalae and striatal function, which have
een shown to support basic learning processes of threat and
eward (Cohen et al., 2010; Gallagher and Hollandt, 1994), may  also
uide and enhance emotional learning in adolescence. Protracted
aturation of individual regions and connectivity of prefrontal-
imbic-temporal networks may  allow for these abilities to emerge
radually across adolescence. But is there evidence that (social and
on-social) emotional learning is enhanced in adolescence?
Learning from (both positive and negative) feedback in changing
nvironments appears to develop until early adulthood. Behav-
oral data from several experiments suggests that youngsters are
ore inﬂuenced by irrelevant negative feedback, experience more
rousal in response to anticipated loss, and exhibit an increased
earning rate from events that are worse than expected com-
ared to adults (Crone and van der Molen, 2007; Hauser et al.,
014; Hooper et al., 2004). A few imaging studies have revealed
ncreasing engagement of dorsolateral PFC and parietal cortex
o negative feedback with age (Van Duijvenvoorde et al., 2008;
rone et al., 2008). Two more recent studies have assessed neuro-
evelopmental differences in more complex, probabilistic learning
nvironments, by looking at the neural underpinnings of pre-
iction error in development. In brief, prediction error refers to
he difference between expected and actual/experienced (positive
r negative) outcome. A study by Cohen and colleagues (2010)
ound that a neural representation of prediction error in the ven-
ral striatum only emerged in the mid- to late-adolescent group,
ith heightened sensitivity to positive predictions errors in ado-
escence. Van den Bos and colleagues (2012) further found that
entral striatum-mPFC connectivity during prediction error learn-
ng changed from stronger connectivity after negative feedback to
tronger connectivity after positive feedback (though they did not
nd striatal differences per se in response to prediction errors). A
urther cross-sectional study by Jones and colleagues (2014) probed
eural responses during positive social reinforcement learning. The
uthors reported that teenagers, in comparison to both children
nd adults, exhibited greater insular activity during positive pre-
iction error learning. Together, these studies suggest that adaptive
evelopmental learning during this period is aided by a unique
eactivity/receptiveness to certain (social and non-social) learning
ignals and changing mechanisms by which these signals guide and
nform behavior.
Changes in experience-dependent learning also emerge in ani-
al  models of adolescence. While most animal literature has
ocused on facilitated learning in early prenatal periods as sensitive
indows for cognitive and social learning (e.g., Pascalis et al., 2005;
elson et al., 2007), there are some studies that provide evidence
or a unique developmental window in adolescence for relevant
timuli classes. These include reproductive and social cues (Romeotive Neuroscience 13 (2015) 11–20 15
et al., 2002; Scherf et al., 2012) and faster, more ﬂexible learning
of new reward associations (Johnson and Wilbrecht, 2011). Lesion
studies of non-human primates have further shown that amygdalae
lesions at different developmental periods have different effects
on social behavior. For example, monkeys that received lesions as
neonates exhibited an increased fear response, were less domi-
nant and of lower rank in the social hierarchy when interacting
with same-aged monkeys during adolescence (Bauman et al., 2004).
In contrast, monkeys that received lesions as young adults (i.e.,
after their experiences of adolescent social interactions) displayed
reduced levels of fear and retained pre-lesion social dominance
and their rank in the hierarchy (Machado and Bachevalier, 2006;
Bauman et al., 2006). Rodent research has also demonstrated that
social deprivation/isolation during puberty/adolescence has long
lasting effects on adult rat behavior and physiology (Romeo et al.,
2006a,b). There is some evidence that these effects may  be medi-
ated through aberrant structural development (synaptic density)
of the infralimbic cortex and the cingulate gyrus (Leussis et al.,
2008), and reduced prefrontal myelination in male rodents (Leussis
and Andersen, 2008). Lastly, there is also evidence for resilience
and rapid learning for positive social experiences. While exposure
to stress during adolescence has been shown to exacerbate stress
responses in adult rats (Avital and Richter-Levin, 2005), conversely,
rats reared with consistent exposure to social contact during ado-
lescence were found to exhibit attenuated pituitary-adrenocortical
stress response in adulthood (Kaiser et al., 2007). Complement-
ing these ﬁndings, studies on rodent models of (social) stress have
demonstrated, for instance, that less socially skilled (subordinate)
adolescent rats can rapidly increase social skills when co-housed
with more dominant, wild type rats (Buwalda et al., 2011).
In summary, recent theoretical models of adolescent social-
affective brain development no longer conceptualize the unique
time course of maturation as an obstacle toward optimal interper-
sonal functioning. Instead, most recent syntheses of the data on
brain–behavior relationships in adolescence describe this period
as a time of ﬂexibility and adaptation during which the teenage
brain is speciﬁcally receptive to certain socially relevant experi-
ences (e.g., Crone and Dahl, 2012; Nelson et al., 2014). The unique
maturational schedule and sensitivities motivate and enable the
adolescents to learn about social interactions and further develop
competencies needed to navigate the world independently. These
unique characteristics of adolescent brain development may  ren-
der this period suitable for early, neurocognitive interventions with
potentially increased and long-lasting beneﬁts.
5. Age-appropriate SAD interventions to capitalize on
plasticity
Given some evidence that adolescent-speciﬁc developmental
changes may  facilitate emotional and social learning, developmen-
tally appropriate interventions could harness this knowledge to
make most of the unique response proﬁle of adolescence. If spe-
ciﬁc interventions administered in adolescence could yield greater
and longer-lasting therapeutic effects, what possible interventive
tools are there? Ideally interventions would target neurocognitive
processes that are still changing across the adolescent period. Here
we suggest that (i) modiﬁcation of attention and interpretation
biases through cognitive training and (ii) modulation of underly-
ing neural circuits through fMRI-based neurofeedback (NF) might
be especially promising options for teenage participants.
Cognitive bias modiﬁcation of attention (CBM-A) and interpre-
tation (CBM-I) training programs have recently been implicated in
the treatment of adult anxiety and mood conditions. Both types
of training capitalize on basic cognitive science ﬁndings suggest-
ing that information-processing biases (such as an in attention
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r interpretation) may  be causally linked to anxiety (and depres-
ive symptoms). Thus, ‘correcting’ these or encouraging more
daptive forms of information-processing styles could attenuate
ymptoms. The process of teaching new styles of attentional ori-
nting and interpretation occurs through repeated learning, in
hich the adaptive but not maladaptive form of responding to
 stimulus is reinforced through feedback. Modifying attention
iases (i.e., CBM-A) has most commonly been achieved through
he dot-probe task. The dot probe task (often used to assess selec-
ive attention-orienting biases) presents participants with a pair
f stimuli (usually one threatening and the other non-threatening
.e., neutral or positive) in different locations on a computer screen.
his is followed by a ‘probe’ stimulus replacing one of the two  stim-
li. Unlike the standard dot-probe, training versions of the task
lways present the probe to which the participant responds after
he non-threatening target. Thus, over trials, the participant learns
o automatically direct his/her attention away from the threatening
arget and toward the non-threatening stimulus. Another version
f CBM-A tasks has relied on visual search paradigms (e.g., Waters
t al., 2013). Participants view a grid of faces one of which is positive
wearing a smile) while the others are negative (wearing frowns).
he participant must select the positive expression as quickly as
ossible. Again, the principle is that the participant learns over trials
o disengage attention from threatening stimuli and instead direct
ttention to a benign stimulus. As only a subset of anxious chil-
ren manifest attention biases, training attention not only away
rom threat but also toward positive stimuli has the advantage to
inimize any potentially negative effects for those teens who  do
ot present with biases and instead may  even have unique beneﬁts
Eldar et al., 2012; Cowart and Ollendick, 2011; Waters et al., 2013).
BM of interpretations (CBM-I) operates via similar principles of
epetitive learning and feedback, but encourages benign interpre-
ative styles. Most commonly, participants are presented with an
ncomplete ambiguous passage, which can be completed by ﬁlling
n the missing letter of a word fragment, presented at the end of the
assage. The word fragment is selected such that correct comple-
ion always resolves the passage in a benign or positive direction.
hus, again after many trials, participants learn to endorse more
daptive interpretations of ambiguous scenarios.
Both CBM-A and CBM-I techniques rely on associative learning
rinciples to reinforce the acquisition of more adaptive processing
tyles (attention and interpretation). As they are thought to involve
utomatic, implicit learning through repeated training, they may
resent complementary methods for modifying cognitive biases
o traditional effortful and explicit top-down strategies, such as
hose used in cognitive behavioral therapy (CBT) (Mathews and
ackintosh, 2000). These training methods are thought to be sim-
lar to the processes by which children and young people acquire
nxiety-associated processing styles as these are also thought to
nvolve associative learning. More speciﬁcally, by modeling those
f their care-givers or even peers through observation (vicarious
earning) or being verbally instructed (verbal learning) about the
ppropriate adoption of threat-congruent processing styles across
aily situations (see Field, 2006 for review), certain anxiety pro-
essing styles become associated with particular situations. Thus,
etraining processing styles through CBM-I and CBM-A, which use
imilar associative learning methods, speculatively, may  be more
ge-appropriate than CBT.
If effective, CBM-A and CBM-I could be used at different stages
f intervention: as a therapeutic intervention for current symp-
oms or an ‘add on’ intervention to enhance effectiveness of current
reatments. They could even serve as a preventative intervention
o target vulnerability in at-risk individuals. However, empirical
tudies are quite mixed in their assessment of efﬁcacy. First, clini-
al trials of CBM-A in pediatric patients with anxiety disorders have
eported promising but also inconsistent results (Bar-Haim et al.,tive Neuroscience 13 (2015) 11–20
2011; Shechner et al., 2014; Eldar et al., 2012; Waters et al., 2013).
There have been no clinical trials of CBM-I yet; community sam-
ples report some positive ﬁndings in attenuating anxious responses
after a single session of training but as effects on symptoms in non-
clinical groups are suspected to be rather weak, this has resulted
in inconsistent ﬁndings across studies (Lau, 2013). The one study
applying CBM-I to patients (including but not limited to patients
with SAD) showed that, while biases could be altered through train-
ing, effects on symptoms were again small and insigniﬁcant (Fu
et al., 2013). These initially disappointing results could be due to
only single training sessions being administered. Interestingly, a
recent study looking speciﬁcally at adolescents with high levels of
social concerns showed that a combination of CBM-A and CBM-
I was effective (Sportel et al., 2013), but these effects were less
persistent than those of other frontline treatments such as CBT.
One strategy to improve effectiveness may  be to increase user-
engagement of these computerized training programs. The design
of this interface could draw on ﬁndings from developmental cog-
nitive neuroscience highlighting the motivational salience of social
stimuli to facilitate greater learning. More particularly, one could
use as training materials, descriptions or even pictures of social
scenes where the participant has to seek out friendly individu-
als over unfriendly individuals (attention training) or attribute the
cause of an ambiguous social scene (a frowning individual) to a
benign reason (the individual is feeling unwell).
FMRI-based neurofeedback (“NF”) is a newly emerging tech-
nique that utilizes the latest developments of real-time data
processing and pattern analysis in order to train participants in the
self-modulation of neural networks. In fMRI-based NF studies, par-
ticipants are presented with real-time brain activation in speciﬁc
regions (or circuits) of interest (for example through a visually-
presented thermometer), and they are trained to reliably regulate
their online brain response with high spatial precision (Weiskopf
et al., 2004a,b; deCharms et al., 2005; deCharms, 2007; Johnston
et al., 2010). FMRI-based NF has proven useful for up- or down-
regulating the brain regions involved in healthy adults’ emotional
responses (Johnston et al., 2010, 2011; Zotev et al., 2011). A recent
study of adult patients with depression, for example, found that
fMRI-based NF was associated with signiﬁcant improvements in
symptoms, whereas cognitive training alone was not (Linden et al.,
2012; see also Linden, 2014, for a review). Studies extending fMRI-
based NF to pediatric populations are currently underway with
promising ﬁrst ﬁndings (Cohen Kadosh et al., submitted for publica-
tion). As with CBM methods, NF may  be especially age-appropriate
as it could directly modulate brain networks which are undergoing
change – and which may  be more responsive to external inter-
ventions. Like CBM, the effectiveness of NF for adolescents could
be enhanced by delivering feedback in the form of socially salient
tasks. As an example, adolescent participants might be asked to
regulate particular brain regions during the simulation of stressful
social situations (e.g., giving a speech in front of peers). Rather than
presenting participants with a thermometer representing changes
in levels of brain activity, participants could view signs of approval
from a virtual audience as indices of effective up/down regulation.
It is worth pointing out the case for needing new interven-
tive tools. First, although frontline psychological treatments such
as CBT are effective (when compared to no treatment) in treating
anxiety conditions in pediatric samples (Cartwright-Hatton et al.,
2004; James et al., 2005; James et al., 2013), analysis of ‘number
needed to treat’ data indicates that for every one young person
who successfully attains remission from psychotherapy, six are
required to be treated (James et al., 2013). This variability in out-
come appears to be particularly apparent in social anxiety disorder
(Hudson et al., submitted for publication; Knight et al., 2014). Phar-
macological treatments can work, too, but concerns have been
raised over long-term use in this age range, including concerns
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bout increased suicidality following some antidepressant usage
Muris, 2012). In general, both psychological and pharmacological
reatments can be difﬁcult to access and costly to administer. Thus,
ovel, targeted interventions that are engaging and easy to access
re much needed. A second consideration is the suitability of cur-
ent interventions for pediatric samples. Both psychological and
harmacological treatments were developed primarily for adults.
lthough the same can be said for cognitive training and neuro-
eedback techniques, if effective, these tools could be argued to
eﬂect more age-appropriate interventions. As reviewed in earlier
ections, the neural substrates of emotion regulation are still under-
oing protracted maturation during adolescence. Therefore, one
ight expect targeted NF intervention on increasingly specialized
ocial brain networks to be most effective at the adolescent junc-
ure. In turn, complementary cognitive and neurofeedback training
ould yield more positive trajectories of change at the behavioral
ut also neurocognitive levels of functioning. Of course these sug-
estions on beneﬁcial developmental timing of interventions may
e applicable to other traditional interventions that target cognitive
iases as well.
We  would like to suggest CBM methods and fMRI-based NF as
on-invasive and easily acquired techniques that can target matur-
ng neurocognitive circuitry involved in SAD directly. There is still
 lot to be learnt about the mechanisms by which these methods
ould achieve therapeutic beneﬁts. It remains to be seen whether
BM methods can impact brain functioning both in terms of neural
atterns of activation during emotion-processing, but also in terms
f more long-term indices of functioning such as the reorganization
f neural connections and circuits. While there is little research to
upport these speculations, it is notable that in adults, other psy-
hological interventions such as CBT have been reported to alter
ndices of neural vulnerability for mood and anxiety disorders (e.g.,
ipka et al., 2013; Porto et al., 2009; Straube et al., 2006). By timing
hese interventive approaches to coincide with a period of sub-
tantial brain and cognitive development, such as adolescence, it
s likely that intervention-induced changes to neurocognitive cir-
uitry will have knock-on effects on behavior that are stronger and
ore persistent than at other developmental stages (Cohen Kadosh
t al., 2013).
. Concluding remarks and future directions
In this review, we have summarized neurocognitive risk fac-
ors associated with adolescent SAD and delineated ways in which
ormative neurodevelopmental progressions may  contribute to
dolescence-associated increases in social pre-occupation and
ffective responding. Some of the unique maturational changes
n adolescence may  serve to exacerbate individual differences in
AD vulnerability. But, by the same token, we  have argued that
hese normative changes may  also allow for the adolescent’s devel-
pment into a socially competent, independent individual and
acilitate developmentally-sensitive learning. We  have therefore
iscussed adolescence as an optimal time for administering neu-
ocognitive interventions. Recently, attention has been drawn to
he need for greater crosstalk between neuroscience and clini-
al science to accelerate progress toward better comprehension
nd improvement of evidence-based mental health treatments
Holmes et al., 2014). Understanding the mechanisms by which
ormative neurodevelopmental changes underpin the expression
f SAD-linked risk factors in adolescence can advance current
heoretical models of SAD and, in parallel, inform when early inter-
entions should be administered to maximize beneﬁts.
As some of the material in this review is speculative, it is worth
eing more concrete about speciﬁc lines of research to follow up on
ur suggestions. First, it would be important to establish whethertive Neuroscience 13 (2015) 11–20 17
there is indeed a developmental moderation of risk for SAD. More
precisely, here, we  make the suggestion that certain cognitive risk
factors for social anxiety, such as interpretation biases, only emerge
at particular stages of development. The presence of these biases
would be contingent on a more sophisticated understanding of
social situations and increased complexity of social interactions.
There is some suggestion that interpretation biases only inﬂuence
social anxiety during the adolescent years, through cross-sectional
comparison of ﬁndings. However, more systematic, longitudinal
investigations in the same sample could be conducted, assess-
ing whether interpretation biases only contribute toward social
anxiety at particular stages of development. An even better strat-
egy would be to derive indices of social-cognitive development or
underlying brain maturation as an index of development rather
than chronological age. A second exciting area of research is to
establish whether plasticity and speciﬁcally responsiveness to par-
ticular external interventions are in fact greater in adolescence
compared to children and adults – and moreover, whether within
adolescence there are particular ‘hotspots’. In this review, we have
discussed growing evidence that learning and ﬂexibility may  be
greater during adolescence, but this data has yet to be extended to
responsiveness to particular anxiety-reduction techniques or inter-
ventions. These data would carry important implications for when
to administer interventions. Finally, as mentioned at the end of Sec-
tion 4, developing versions of CBM and NF training (separately or in
combined form) that are optimally effective, for example by using
task stimuli that are motivationally salient for adolescents should
be a priority.
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